Low-energy lepton observables are discussed in the Minimal R-symmetric Supersymmetric Standard Model. We present comprehensive numerical analyses and the analytic one-loop results for (g − 2) µ , µ → eγ, and µ → e conversion. The interplay between the three observables is investigated as well as the parameter regions with large g−2. A striking difference to the MSSM is the absence of tan β enhancements; however we find smaller enhancements governed by MRSSM-specific R-Higgsino couplings λ d and Λ d . As a result we find significant contributions to g − 2 only in a small parameter space with several SUSY masses below 200 GeV, compressed spectra and large λ d , Λ d . In this parameter space there is a correlation between all three considered observables. In the parameter region with small (g −2) µ the SUSY masses can be larger and the correlation between µ → eγ and µ → e conversion is weak. Therefore already COMET Phase 1 has a promising sensitivity to the MRSSM.
Introduction
Low-energy lepton physics is an area which could lead to fundamental discoveries in the forthcoming years, and intriguing anomalies and deviations from Standard Model (SM) predictions have accumulated in observables related to leptons. In particular, there currently is a 3-4σ discrepancy in the muon anomalous magnetic moment a µ . Future measurements of a µ are ongoing at Fermilab [1] and planned at J-PARC [2, 3] , with the prospect of a significant reduction of the uncertainty and the potential to firmly establish the existence of physics beyond the SM.
In addition, several measurements of charged lepton flavour violating (CLFV) processes in µ → e transitions are planned. An upgrade of the MEG experiment [4] will increase the sensitivity for the µ → eγ decay by an order of magnitude [5, 6] , and the planned Mu3e experiment [7] promises four orders of magnitude improvement on the upper limit for µ → eee. Likewise the planned COMET and Mu2e experiments at J-PARC and Fermilab are expected to improve the current sensitivity [8] to µ → e conversion in muonic atoms by four orders of magnitude [9] [10] [11] [12] . The progress of these experiments is accompanied by high-precision calculations of background processes [13] [14] [15] [16] .
In preparation of the planned experiments it is timely to study the range of possible predictions for these observables in candidate alternatives to the SM. See e.g. Ref. [17] for a recent summary focusing on simple models. Supersymmetry (SUSY) remains one of the best motivated ideas for physics beyond the SM. However SUSY might not be realized in its minimal form, the MSSM. In recent years, the minimal R-symmetric SUSY standard model (MRSSM) has been put forward as a viable and attractive alternative [18] . It is based on a continuous unbroken U(1) R symmetry under which the superparticles are charged. It involves Dirac gauginos, N = 2 SUSY multiplets in the gauge and Higgs sectors, and supersoft SUSY breaking [19] . In contrast to many other non-minimal SUSY models, it has no MSSM limit and thus constitutes a separate, alternative realization of SUSY.
One of the original motivations was the observation [18] that large flavour violating mixing is viable in the sfermion sector. The consequences for µ → eγ, µ → e conversion and the µ → eee decay have first been studied in Ref. [20] ; further flavour physics observables have also been studied in Refs. [21, 22] . The result of Ref. [20] was that particularly significant effects in µ → e conversion can be possible in the MRSSM.
Here we provide an extensive analysis of the three observables: a µ , µ → eγ and µ → e and their correlations in the MRSSM. This is the first MRSSM study of a µ and the first MRSSM study of lepton flavour violation where the role of the MRSSM-specific superpotential parameters λ, Λ is analyzed. These parameters were already very important in phenomenological studies of electroweak observables in the MRSSM [23] [24] [25] . As we will show, they have a similar influence as tan β in the ordinary MSSM.
Our study can be compared to similar studies in the MSSM. With respect to a µ it is well known that the MSSM can provide a very natural explanation of the currently observed deviation, see Refs. [26] [27] [28] for reviews, and very detailed studies have been performed including higher-order corrections [29] [30] [31] . The striking property of the MSSM prediction for a µ is the enhancement proportional to tan β [28, 32] . A similar enhancement is present in the amplitudes relevant for µ → eγ and µ → e conversion [33] . As a result, the observables are strongly correlated. The correlation between a µ and µ → eγ has been studied in Refs. [34] [35] [36] , the correlation between the lepton flavour violating observables has been studied in Refs. [33, 37] and more recently, in the light of LHC data, in Ref. [38] .
We will show here that the MRSSM has very different properties: There is no tan β enhancement for any of the observables; a µ can only be accommodated in a very small parameter space, and there is an interesting non-correlation between µ → eγ and µ → e, which implies that µ → e conversion places important complementary bounds on the MRSSM flavour structure.
We remark that in parallel to model specific studies there has been significant recent progress on model-independent effective field theoretical (EFT) approaches to CLFV: Loop corrections to µ → eγ have been evaluated in an EFT with dimension-6 operators [39, 40] ; higher-order corrections to µ → eγ, µ → eee and µ → e from running below the weak scale have been evaluated [41] [42] [43] and disentanglement of different Wilson coefficients by experimental observables has been studied [44, 45] .
The paper is structured as follows. In section 2 we provide relevant properties of the MRSSM including mass matrices and Feynman rules. Section 3 presents the theory of the three observables in general and the specific analytical results in the MRSSM. In section 4 we analyze all three observables in detail, exploring their numerical behaviour in all relevant corners of parameter space and highlighting the (non-)correlations between the observables. The Appendix contains a list of Feynman rules.
Details of the MRSSM

Model definition
In this section we provide the definition and relevant properties of the minimal R-symmetric supersymmetric standard model (MRSSM), originally introduced in Ref. [18] . The MRSSM is a supersymmetric (SUSY) extension of the SM with a continuous unbroken R-symmetry -a global U(1) R invariance under which SM-like fields and their superpartners transform differently. Our notation and presentation extends the one of Refs. [24, [46] [47] [48] .
The R-charge of all SM-like fields is chosen as zero; the R-charge of all superpartner fields is then fixed by the SUSY algebra. The requirement of U(1) R invariance forbids the usual MSSM-like Majorana mass terms for gauginos and the Higgsino-mass µ-parameter. In the MRSSM, gauginos and Higgsinos obtain Dirac-like masses involving new superfields which have no MSSM counterparts. The gauginos of each gauge group require an additional chiral superfield in the adjoint representation:Ô (octino, octet),T (triplino, triplet),Ŝ (singlino, singlet); the adjoint scalar components have R-charge 0. The Higgsinos require two new SU(2) L doublets:R d,u (R-Higgsinos, R-Higgs fields); the R-Higgs fields have R-charge +2.
The MRSSM superpotential reads
where the dot denotes contraction with 12 = +1 and where the triplet is defined aŝ
2)
The MSSM-like superfields appearing here are the Higgs doubletsĤ u,d , the quark and lepton doubletsq,l and singletsû,d,ê. The terms in the last line are the usual Yukawa couplings as in the MSSM. In the present paper the quark Yukawa couplings are not relevant, so we neglect the CKM matrix and assume generation-diagonal Yukawa coupling matrices in the quark and lepton sectors. We denote quarks and leptons of the three generations as ν g = (ν e , ν µ , ν τ ), l g = (e, µ, τ ), u g = (u, c, t), The R-charges of the superfields and the corresponding bosonic and fermionic components. From Ref. [24] .
with a generation index g ∈ {1, 2, 3}. If no ambiguities can arise, such as in Eq. (2.1), we drop the index g. Accordingly, we denote the diagonal entries of the Yukawa couplings as
The µ u,d -terms in the superpotential provide Higgsino masses which, in contrast to the MSSM, do not involve a transition between up-and down-sectors. The Λ u,d -and λ u,dterms are MRSSM-specific new interaction terms. The structure of these terms resembles the one of the Yukawa couplings. As discussed in Ref. [24] the Λ u,d -and λ u,d -terms are very important for phenomenology and can influence the ρ-parameter and Higgs mass calculations in a similar way as the top/bottom Yukawa couplings.
The soft SUSY-breaking Lagrangian has been defined in Ref. [18] , based on the discussion of supersoft supersymmetry breaking in Ref. [19] . It contains scalar mass terms for the MSSM-like squarks and sleptons with parameters
(2.4)
Here i, j = 1, 2, 3 are generation indices. It also contains scalar mass terms for the Higgs fields and the new scalar fields which however are not required for the present paper. Finally, there are non-MSSM-like soft SUSY-breaking terms which give Dirac masses to the gauginos. These can be generated from spurions W α = θ α D from a hidden sector U (1) that acquires a D-term [19] , in the form d 2 θŴ α MŴ α iΦ i , whereŴ α i andΦ i are the field strength superfields and the new adjoint chiral superfields for each gauge group. This construction leads to the Lagrangian (see also the discussion in Ref. [24] )
which describes Dirac mass terms for the gauginos and interaction terms between the adjoint scalars and the auxiliary D-fields of the corresponding gauge multiplet.
Masses and mixings
For the purpose of the present paper we need the Feynman rules for the lepton and quark interactions with the photon and Z bosons and with sleptons/squarks and charginos and neutralinos. These in turn require an understanding of masses and mixings in the MRSSM.
We begin with basic tree-level relations between couplings, vacuum expectation values and masses of the SM W and Z gauge bosons:
In the following we abbreviate s W ≡ sin θ W and c W ≡ cos θ W . The vacuum expectation values are defined and normalized such that H 0
v S + . . . and v ≈ 250 GeV. The relations between the quark and lepton masses and the Yukawa couplings are
9) 
with left-and right-handed projectors P L,R = 1 2 (1 ∓ γ 5 ) and
with the electric charge Q l = −1, Q u = +2/3, Q d = −1/3 and the weak isospin
The interaction eigenstate sleptons and squarks areν gL ,l gL/R ,d gL/R ,ũ gL/R , where the generation index g = 1, 2, 3. Since the left-handed and right-handed sfermions have opposite R-charges, there is no left-right mixing. This is an important distinction to the MSSM and at the heart of the modified flavour properties of the MRSSM [18] . Still it is useful to define the mass matrices and the diagonalization in the following, MSSM-like way. For the interaction eigenstate sfermionsf I of any type we write the mass term in the Lagrangian asf I † M 2
The MRSSM charginos also involve twice as many degrees of freedom as in the MSSM and can be grouped according to their R-charge. The χ-charginos have R-charge=electric charge; the ρ-charginos have R-charge=(−electric charge). The χ-charginos are defined in terms of the basis (
The mass matrix and the diagonalization procedure are defined as
25)
26)
with two unitary matrices U 1 and V 1 and mass-eigenstate spinors λ ± j . The corresponding physical four-component charginos are constructed as
The ρ-charginos are defined in terms of the basis (W − , R − u ), (T + ,H + u ). The mass matrix and diagonalization procedure read
with two unitary matrices U 2 and V 2 and mass-eigenstate spinors η ± j . The corresponding physical four-component charginos are constructed as
(2.32)
For reference, the R-charges of the mass eigenstate sfermions, charginos and neutralinos are collected in table 2. left-/right-handed sfermions (anti-)neutralinos Table 2 : The R-charges of the squarks and sleptons, neutralinos, antineutralinos and the χ-and ρ-charginos. This table also shows which pairs of particles can couple to leptons or quarks.
Feynman rules
Using the definitions of the mass eigenstates we can specify the interaction Lagrangians relevant for the required Feynman rules. The interaction Lagrangian between the Z boson and sleptons, χ-charginos 2 and neutralinos can be written as
The values of the Z boson coupling coefficients z i j and the resulting Feynman rules can be found in the Appendix.
The interaction Lagrangian between fermions, sfermions and neutralinos/charginos can be written as
In the Lagrangian the sums extend over the fermion/sfermion pairs
)} and over the generation index g ∈ {1, 2, 3}. We have written the Lagrangian in a form analogous to the one of Ref. [30] for easy comparison to the MSSM case. While in the MSSM there are only two types of couplings, the MRSSM needs four types of couplings n, o, c, t for the interactions with neutralinos, antineutralinos, χ-charginos and ρ-charginos. The indices of the couplings correspond to the chirality, type and generation of the respective quark or lepton and to the neutralino/chargino and sfermion indices. The gaugino and Higgsino couplings are well separated in n, o, c, and t. The coefficients n R , o L , c L , and t R are from the gaugino interactions whereas n L , o R , c R , and t L are from Higgsino interactions and suppressed by small Yukawa couplings. The values of the coupling coefficients and the resulting Feynman rules can be found in the Appendix.
3 Theory of a µ , µ → eγ and µ → e in the MRSSM
In the present paper we consider three muon observables in the MRSSM: the flavourconserving anomalous magnetic dipole moment a µ and the lepton-flavour violating decay µ → eγ and µ → e conversion. In this section we collect definitions of these observables and provide explicit formulas valid in the MRSSM. The formulas are written in a way that facilitates comparisons to the MSSM and generalization to other models. We begin with a µ and µ → eγ which rely on the lepton-photon three-point interaction only, and then turn to µ → e conversion, which is based on effective 4-fermion interactions.
a µ and µ → eγ
The muon magnetic moment and the decay µ → eγ are related to the lepton-photon interaction. We define the three-point vertex iΓl i l j γ as the sum of all Feynman diagrams 3 with incoming lepton l j with incoming momentum p and outgoing lepton l i and outgoing offshell photon with outgoing momenta (p − q) and q respectively. For the flavour-conserving and CP-conserving case the effective interaction is commonly written as [49, 50] 
where the overall sign reflects our choice of the gauge covariant derivative and the corresponding interaction Lagrangian in Eq. (2.11) and Q l = −1. The two form factors F E,M (q 2 ) depend on the lepton generation. The electric form factor satisfies F E (0) = 1 if e is onshell renormalized, and the magnetic dipole form factor describes the anomalous magnetic dipole moment. Specializing to the case of the muon, we have
The contributions of the MRSSM need to be compared with the experimental value and the SM prediction for a µ . Taking the most recent SM theory evaluation of the KNT collaboration [51] , the deviation from the Brookhaven measurement [52] is given by
Other recent evaluations [53, 54] find similar deviations with a significance between 3.6-4.0σ. It is noteworthy that in recent years tremendous progress has been made on consolidating and improving the accuracy of the SM hadronic contributions using lattice QCD [55] [56] [57] [58] [59] [60] , dispersion relations [61] [62] [63] [64] [65] [66] and e + e − → ππ data [67] [68] [69] ; for further progress on hadronic, QED and weak contributions see Refs. [70] [71] [72] [73] [74] [75] [76] [77] and the recent reviews [53, 78] . For the flavour-violating case relevant for µ → eγ and µ → e, where the momenta are small and the mass m l i can be neglected, the effective interaction of off-shell photon with on-shell fermions can be written as [37, 79] 
The four types of diagrams contributing to the photon interaction (3.4). All four diagrams contribute to the charge radius form factors Aē µL/R 1 ; the first two also contribute to the dipole form factors Aē µL/R 2 . with constants A 1,2 , which depend on the lepton generations and the chirality, as indicated. The constants A 2 describe the photon dipole interaction, and there is a strong similarity but no equality between (−m 2 µ (Aē . The decay rate and the branching ratio are given by (see e.g. [33] )
The currently best experimental upper limit has been obtained by the MEG experiment [4] ,
An upgrade to MEG-II is planned [5, 6] , with a foreseen increase in sensitivity by an order of magnitude. We now discuss the MRSSM one-loop contributions to the required form factors and focus on the restrictions imposed by R-symmetry. The Feynman diagrams relevant for µ → eγ are shown in Fig. 1 ; the diagrams for a µ are analogous to the diagrams (a,b) with the replacement e → µ. We refer to table 2 for the pairs of particles which can couple to leptons without violation of R-charge conservation. Diagram (a) involves the exchange of a left-handed sneutrino and χ-chargino, which involves the componentsW andH d . The couplings to the leptons involve the coupling coefficients c, which contain the gauge coupling g 2 and the lepton Yukawa couplings. Since there is no right-handed sneutrino, there is no Feynman diagram involving ρ-charginos. Diagram (b) in Fig. 1 involves the exchange of a slepton and a neutralino or an an antineutralino. In case of an antineutralino χ 0c A ,the slepton must always be left-handed, see also Tab. 2. So the underlying physics of the antineutralino diagram is similar to the one of the chargino diagram; the involved couplings are o, which contain the gauge couplings g 2 and g 1 and the lepton Yukawa couplings. Diagram (b) with neutralino exchange involves the exchange of a right-handed slepton. Here the involved coupling coefficients are n, containing only g 1 and lepton Yukawa couplings. Diagrams (c,d) have a similar behaviour.
The MRSSM results for the constants Aē
are decomposed as and omitting terms which are suppressed by the electron Yukawa coupling, the charge radius contributions are given as
12)
and
14)
As shortly mentioned at the end of Sec. 2 the leading terms in Eqs. (3.12)-(3.15) are the n R -, o L -, and c L -terms, which are from gaugino interactions; the other terms are suppressed by Yukawa couplings. Similar comments apply to the following results. The dipole contributions from neutralinos/antineutralinos are given as
The dipole contributions from charginos are given as
The MRSSM results for the contributions to a µ are
The appearing loop functions are defined as 4
The coherent µ → e conversion in a muonic atom is related to the photon dipole interaction A 2 and the effective 4-fermion interaction between µ-e and the quarks q in the respective nucleus. We use the precise evaluation of the µ → e conversion rate of Ref. [80] , which 4 Note that the loop functions for the dipole contributions have a different normalization from the loop functions F C,N 1,2 introduced e.g. in Refs. [27, 28, 30] :
0,1,2 are normalized as:
where we have adapted the sign in front of the photon field to our definition of the gauge covariant derivative. In the MRSSM not all of the 4-fermion form factors are nonzero. In the MRSSM, like in the MSSM, the effective 4-fermion interaction is generated by photon penguin, Z-penguin, and box diagrams. These only give rise to the vector-like form factors (up to terms suppressed by additional powers of Yukawa couplings). We write the generated effective interaction Lagrangian excluding dipole contributions in the form of Ref. [33] , 
With these relations we can define coefficients for protons and neutrons
The four types of Z-penguin diagrams corresponding to Eqs. (3.34). The chargino diagrams are analogous with the replacement of χ 0 with χ − andl withν.
and obtain the µ → e conversion rate and branching ratio as [80] 
where the constants D, V (p,n) correspond to overlap integrals evaluated in Ref. [80] . We will use numerical values specific for aluminum, where
µ . The capture rate for aluminium is ω capt = 0.7054 × 10 6 /s = 4.643 × 10 −19 GeV [80, 81] .
The up-to-date experimental upper limit is obtained for the gold nucleus from the SINDRUM experiment [8] ,
In the forthcoming few years, the limit will be improved substantially by the COMET [9, 10] and Mu2E [12] experiments. Both of these experiments will measure µ → e conversion in an aluminium nucleus. The foreseen limits are 7.2 × 10 −15 for COMET Phase 1 and better than 10 −16 for COMET Phase II and for Mu2e. We now turn to the actual one-loop results in the MRSSM. 5 The Z-penguin is given by the diagrams in Fig. 2 . The diagrams can be first classified according to the exchanged particles: neutralinos and right-handed sleptons with couplings n, antineutralinos and lefthanded sleptons with couplings o, and χ-charginos and sneutrinos with couplings c. The diagrams can be further classified into diagrams with Z coupling to the neutralino/chargino (diagram type 1), to the sfermion (type 2), and to the muon/electron (types 3, 4). Due to the Ward-like identity corresponding to broken gauge invariance the diagram types 2+3+4 exactly cancel in case of the (anti)neutralino diagrams and partially cancel in case of the chargino diagrams. The full contribution to the Z-penguin can thus be written as
where the Z-penguin neutralino contributions are
where
The Z-penguin chargino contributions are given by
where again
and Z R ν = 0. The loop functions needed for the Z-penguin contributions are the ones defined in Ref. [37] ,
The two loop functions F Z 1 (a, b, c) and
The box diagrams are shown in Fig. 3 . The results for the neutralino box diagrams
Box diagrams with neutralinos/antineutralinos and charginos. All indicated particles run in the direction of the arrows/from left to right.
are
The chargino box diagram contributions are
(3.54)
Here the following loop functions appear:
4 Numerical results
Relevant parameters and experimental constraints
We begin our discussion of the numerical results with a survey of the relevant MRSSM parameters, an overview of characteristic regions of parameter space, and a discussion of applicable experimental constraints on the parameters. The three observables a µ , µ → eγ and µ → e depend on an increasing number of parameters. a µ depends only (up to small effects due to mixing) on the masses of the gauginos and down-type Higgsinos and thus on the parameters
as well as on the slepton mass parameters 6 ml ,22 , mẽ ,22 .
The dependence on the up-type Higgsino mass µ u and on tan β is very weak, in contrast to the MSSM. The observable µ → eγ only depends on photon dipole operators and has thus a similar parameter dependence as a µ , but it involves slepton mass and mixing parameters of the first and second generation. 7 We use the common dimensionless LFV parameters
Furthermore, following Ref. [20] we always set the selectron masses to 1.5 times the corresponding smuon masses, ml ,11 = 1.5 ml ,22 , mẽ ,11 = 1.5 mẽ ,22 .
This is not a significant restriction; the LFV observables mainly depend on the dimensionless parameters δ L,R 12 , unless there is a significant hierarchy between the different slepton masses, in which case the observables are simply suppressed by the heavier mass scale.
The muon-to-electron conversion µ → e depends on additional types of diagrams and thus on additional parameters. The Z-penguin diagrams have a significant dependence also on the up-type Higgsino parameters and tan β 5) and the box diagrams depend on the squark masses. For simplicity we choose a common squark mass scale without squark flavour mixing,
6 we generally abbreviate ml ,ij ≡ (m 2 l )ij. 7 We assume mixing with the third generation to be absent, but this does not change the results in a substantial way.
The parameter space can be best explored by investigating various different parameter scenarios, corresponding to distinct patterns of hierarchies between light/heavy SUSY particles. In this way we can isolate several parameter influences, separate leading and subleading terms and obtain a complete understanding of the parameter dependence. In the MSSM, corresponding parameter scenarios have been defined e.g. in Refs. [28, 30, 32, 84] for studies of a µ and in Refs. [36, 38] for LFV observables.
All Feynman diagrams for the considered observables involve the exchange of at least one neutralino/chargino and one slepton/sneutrino, and all diagrams have a generic 1/m 2 SUSY mass suppression. Hence we need at least two light SUSY particles in order to have nonnegligible results: at least one neutralino/chargino and at least one slepton/sneutrino. In addition, at least one light neutralino/chargino must be gaugino-like since otherwise all contributions are suppressed by additional powers of Yukawa couplings.
Hence we end up with seven distinct parameter scenarios with characteristic mass hierarchies, which we denote as BL, BR, WL, BHL, BHR, WHL, equal-mass. To be concrete, we define the following patterns: Now we turn to constraints on the relevant parameters from existing data. The SUSY masses are constrained by direct collider searches at LEP, Tevatron and LHC. There is a multitude of analyses of collider searches for different assumptions on the SUSY spectrum.
For our purposes, the most conservative and robust bounds are the most important. They correspond to assuming small mass splittings between SUSY particles, i.e. compressed SUSY spectra such as the ones in Eq. (4.7). As we will see, these are the spectra which maximize the contributions to the observables studied in the present paper. The bounds on the relevant particle masses under the assumption of small mass splittings are [85] 
Since these limits originate from kinematics, they apply equally to the MSSM and the MRSSM. For a recast of more model-dependent chargino limits to the MRSSM see Ref. [25] ; this reference also confirms that the limits become as weak as in Eq. (4.8) in case of compressed spectra. In the following we will only use the mass limits of Eq. , the limits are far stronger. Apart from the masses, the parameters λ d,u and Λ d,u are important. As mentioned above, these parameters are Yukawa-like superpotential parameters. Therefore, we always impose the perturbativity constraint
Stronger limits can be obtained from phenomenology. In particular, these parameters enter the MRSSM predictions for the lightest Higgs boson mass and for electroweak precision observables, particularly via the T -parameter [23, 24] . In particular, the T -parameter gets contributions ∝ Λ 4 u v 4 u + Λ 4 d v 4 d and similarly for λ u,d in the appropriate limit. Precise limits on the Λ's from electroweak precision observables, however, would depend on the detailed spectrum in the stop/sbottom and other sectors, which is not relevant for the considered observables. For this reason we only use the approximate bounds 10) which guarantee that the T -parameter contributions from this sector do not significantly overshoot the experimental limits. This limit applies for tan β 1. For tan β 1, a similar limit would apply to Λ d and λ d , but we will not use such small values of tan β in the present paper.
Analysis of a µ in the MRSSM
In this subsection we present a detailed analysis of the muon magnetic moment a µ . The contributing MRSSM diagrams are shown in Fig. 1 and the analytical results are given in Eqs. (3.20)-(3.21c). All Feynman diagrams involve the exchange of one neutralino/chargino and one slepton/sneutrino, and all diagrams have a generic 1/m 2 SUSY mass suppression. Hence we need at least two light SUSY particles in order to have non-negligible a µ : at least one neutralino/chargino and at least one slepton/sneutrino. At least one light neutralino/chargino must be gaugino-like since otherwise all contributions are suppressed by additional powers of Yukawa couplings. Figure 4 : Mass-insertion diagrams corresponding to Eq. (4.18). In these diagrams the charginos and neutralinos have definite compositions as bino-singlino, wino-triplino, Higgsino-R-Higgsino states, and the off-diagonal entries of the mass matrices (2.25), (2.22) are inserted as vertices.
As described above, it is instructive to distinguish several distinct patterns of light/heavy SUSY particles, see e.g. Refs. [28, 30, 32, 36, 38, 84] for corresponding discussions in the MSSM.
The first three patterns in Eq. (4.7) involve only two light SUSY masses: In the cases with light Higgsinos, a µ can be enhanced by additional sources of chirality flips, similarly to the MSSM [28, 32] . However, the origin of the enhancement is quite different from the MSSM. In the MSSM, a transition from d-Higgsino to u-Higgsino is possible, governed by the MSSM µ-term. This leads to the well-known tan β-enhancement of a µ in the MSSM. A well-established way to understand the tan β-enhancement is provided by mass-insertion diagrams involving insertions of the µ-parameter and Majorana gaugino masses. Recently an extensive study has confirmed the high accuracy of the mass-insertion method [86] . In contrast, the µ-term and Majorana gaugino masses do not exist in the MRSSM and consequently a µ is not enhanced by tan β. Instead, however, a µ can be enhanced by mass-insertion diagrams which involve a transition from d-(R)Higgsino to singlino/triplino to bino/wino via the Yukawa-like parameters λ d and Λ d . Similarly to the MSSM, one can approximate this effect using mass-insertion diagrams with one insertion of the λ d /Λ dentries in the chargino/neutralino mass matrices. The results are the simple formulas
which can be directly compared to the corresponding formulas in the MSSM [32] , quoted e.g. in Refs. [30, 84] in the present form. The loop functions appearing here are defined as The comparison to the MSSM immediately shows that the MRSSM results for a µ will be rather small. The suppression can be roughly expressed as
We recall that the λ d , Λ d -parameters are Yukawa-like parameters; values of around unity are similar to the top-Yukawa coupling, and we restrict them by Eqs. (4.9,4.10) in view of perturbativity. Then the MRSSM results for a µ will be far smaller than corresponding MSSM results for tan β = 50. Figure 5 and Fig. 6 (left) shows the results for a µ in the BHL, BHR, WHL scenarios. The results are shown as functions of the "lightest observable SUSY mass" m LOSP , defined as the minimum of the electrically charged SUSY particle masses. The λ d , Λ d parameters are varied, and their signs are chosen such that a µ is positive.
As expected from the result of the mass-insertion diagrams above, a µ is essentially proportional to λ d or Λ d , as appropriate. And as expected the results are significantly smaller than the corresponding MSSM results for large tan β due to the absence of a tan β enhancement. The largest contribution can be obtained from the WHL scenario because of the larger SU(2) gauge coupling. In the blue bands, Λ d = 1 (corresponding to a value similar to the top-Yukawa coupling). Here the current a µ deviation can be explained for m LOSP around 100 GeV at the 2σ level; for Λ d = 4 (red bands), the current deviation can be explained up to m LOSP around 200 GeV. We do not consider larger values of Λ d because of perturbativity.
0 100 200 300 400 500 600 700 The BHR contribution is slightly smaller than the WHL contribution, and the BHL contribution is again smaller, because of the smaller hypercharge. In the BHR case a µ is just large enough for a 1σ explanation of the current deviation if m LOSP is around 100 GeV and λ d = 4. In the BHL case this is impossible, and a µ reaches at most around 10 × 10 −10 .
The remaining contribution for vanishing λ's, λ d = Λ d = 0 is tiny; its magnitude is always below 2 × 10 −10 as long as m LOSP > 100 GeV. Figure 6 (right) shows a µ in the equal-mass scenario. We see that the value of Λ d is far more important than the value of λ d . The maximum is reached if both Λ d and λ d are large, i.e. if the WHL and BHR contributions add up constructively. For Λ d = λ d = 4, the current a µ deviation can be explained at the 1σ (2σ) level for m LOSP slightly higher than 200 GeV (250 GeV). Figure 7 shows a µ in the BL, BR, WL scenarios. In these scenarios no enhanced chirality-flips are possible, and the λ d , Λ d -parameters play a minor role via the chargino/neutralino mass matrices. Overall the values of a µ are tiny and almost entirely negligible.
Analysis of µ → eγ in the MRSSM
Now we turn to µ → eγ in the MRSSM. Clearly there is a strong similarity between µ → eγ and a µ . Both are given by dipole amplitudes; the difference is the existence of a flavour transition in µ → eγ. The dependence on the LFV parameters δ with an obvious extension of the notation introduced in Sec. 3. These two equations specify the dependence on the δ's and the relation between the two observables.
As a result, the analysis of the dependence on SUSY masses and Λ d , λ d of the previous subsection on a µ carries over to µ → eγ, and there is a strong correlation with a µ . Figure 8 (left) shows this correlation and displays µ → eγ as a function of a µ for the three scenarios BHL, BHR, WHL (see Eq. (4.7)) and for different choices for Λ d , λ d as indicated. In the BHL and WHL scenarios only δ L 12 is nonzero while δ R 12 = 0, see Eq. (4.7). In the BHR scenario only δ R 12 is nonzero and δ L 12 = 0. We see that in each scenario, µ → eγ is essentially proportional to |a µ | 2 as expected. The proportionality coefficient depends on the case -for fixed a µ , the BHL and BHR scenarios give slightly larger µ → eγ. In each scenario the correlation furthermore depends on Λ d or λ d (as appropriate), and on the mass ratio between the smuon and the other light masses. The borders of the regions are defined by taking the respective smuon mass as either m SUSY or 1.5 × m SUSY in Eq. (4.7).
The result for µ → eγ can be interpreted in two ways, as indicated by the axis labels on the left and right border of the plot. On the left border we indicate the value of B µ→eγ for the fixed value of the appropriate δ 12 = 10 −4 . In all scenarios µ → eγ then varies in the range up to around 10 −12 in the considered range for a µ . On the other hand, in view of Eq. (4.22) this allows to obtain B µ→eγ for any other value of the appropriate δ 12 . Conversely, it also allows to determine the value of the δ 12 , for which B µ→eγ is equal to the MEG limit (3.7) . This is shown on the axis on the right border of the plot. This axis corresponds to the maximum δ 12 's allowed for the corresponding points in the plot. We see that they are in the range (0.5 . . . 2) × 10 −4 if a µ is in the 2σ-band around its experimental value.
In the plot we do not show the scenarios BL, BR, WL and Λ d , λ d = 0 since these cases lead to tiny a µ . However the correlation would be of a similar kind. We also do not show the equal-mass scenario since there destructive interference between different amplitudes can happen, as will be studied below. Overall, Fig. 8(left) is very similar to the corresponding MSSM result shown in Ref. [36] . 
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30. The contributions in the scenarios with light Higgsino are significantly enhanced by large Λ d and λ d ; the amplitudes are linearly, the branching ratio is quadratically enhanced. Like for a µ , the contributions can be largest in the WHL scenario, followed by the BHR and BHL scenarios. For Λ d , λ d bigger than around unity, the contributions in these scenarios reach the MEG limit for around δ 12 ∼ 10 −4 . . . 10 −3 .
The scenarios with light Higgsino show an interesting behaviour at small
, only contributions governed by gauge couplings remain, and the branching ratio becomes similarly small as in the WL, BL, BR scenarios. For certain small but nonzero values of Λ d , λ d the amplitudes pass through zero and the branching ratio vanishes. Figure 9 shows the interference between contributions with and without Higgsinos. We begin with describing plot 9(a). Here only right-handed mixing δ R 12 is nonzero, while δ L 12 = 0. We consider the equal-mass scenario of Eq. in two ways. On the one hand they indicate B µ→eγ /(δ R 12 ) 2 , on the other hand they allow to read off the maximum δ R 12 allowed by the MEG limit. The behaviour of Fig. 9(a) arises from interference of BHR-type and BR-type contributions. For small µ d and large λ d , the BHR-type contributions dominate and show the expected λ d -enhancement. The corresponding parts of the amplitude behave as λ d /µ d . The BR-type contributions are approximately independent of λ d and µ d . In fact, the behaviour in plot (a) can be well approximated by the simple fit
at large µ d , exhibiting the two types of contributions. This also allows to understand the triangular region with very small B µ→eγ in which the λ d -enhanced terms are cancelled by the BR-type contributions. Figures 9(b,c,d ) are similar but for nonzero left-handed mixing δ L 12 and as a function of Λ d for different choices of λ d . In plot (b) the behaviour is similar to the one in plot (a) but it arises essentially from a combination of WHL-and WL-type contributions; in plots (c,d) also the BHL-and BL-type contributions matter and shift the contours according to the choice of λ d . The behaviour in these plots at large µ d can be approximated by
Analysis of µ → e conversion in the MRSSM
The next observable we investigate is µ → e conversion. This observable has a much more complicated parameter dependence than the previous observables. It depends on four types of form factors A 1 , A 2 , A Z , A box , corresponding to the charge radius, the dipole, the Z-penguin and box diagrams. The previous observables only depended on dipole form factors.
The behaviour of the dipole form factor has been discussed in the the previous subsections in detail, so here we focus particularly on the additional parameter dependence arising from the new form factors. Not all parameters lead to a nontrivial dependence. All form factors are linear in the generation mixing parameters δ L,R 12 to a very good approximation. Therefore we fix the δ 12 's to the standard values of Sec. 4.1, i.e. to 10 −4 or to zero, depending on the scenario. Furthermore, all form factors are proportional to 1/m 2 SUSY , where m SUSY is a representative mass scale. Hence we also fix the overall mass scale to m SUSY = 500 GeV for our discussion.
A very useful quantity to study is the ratio between the two branching ratios for µ → e and µ → eγ,
In this ratio, the generic dependence on the δ's and the masses drops out. Knowledge of R(Al) also tells us the maximum possible µ → e conversion rate given the MEG limit on µ → eγ for any given parameter scenario. Interestingly, if µ → e is dominated by the dipole form factors, then all model dependence, i.e. the full form factors A 2 drop out in the ratio R(Al) and there is a perfect correlation. The correlation only depends on the element used in the experiment; for Aluminium the prediction for dipole dominance is [80] R only dip. (Al) = 0.0026 . Deviations of the actual result for R(Al) from this prediction then highlight the impact of the additional form factors A 1 , A Z , A box . Before describing detailed plots we provide an overview of the behaviour of the four form factors.
• A 1 : A 1 is dominated by diagrams with exchange of gaugino-like charginos/neutralinos.
There is only a mild parameter dependence and no significant enhancement by light or heavy Higgsino masses, by large or small λ's, by large or small tan β. A 1 is largest in scenarios with light wino and slightly smaller if only the bino mass is light.
• A 2 : As discussed for a µ and µ → eγ, the dipole form factor is essentially linearly enhanced by
The remaining terms are small and of a similar size as A 1 . Hence if the dipole is not enhanced, there can be significant constructive or destructive interference between A 1 and A 2 within µ → e conversion.
• A Z : The Z-penguin contributions are smaller than the A 1 and A 2 contributions in a large parameter region. The Feynman diagrammatic reason is that the Z boson only couples to Higgsino-like charginos/neutralinos (this is obvious from the neutralino-Z Feynman rule; for the charginos there is a cancellation between diagram types 1,2,3,4 in Fig. 2 , see also the MSSM case [33] ). On the other hand, for the same reason the Z-penguin can be strongly enhanced proportional to
corresponding to two insertions of gaugino-Higgsino mixing terms. The enhancements proportional to v 2 d become important for small tan β, leading to a 1/ tan 2 β enhancement. The enhancements proportional to v 2 u become important if the up-type Higgsino µ u is light. A similar but smaller enhancement governed by gauge couplings instead of λ's has been discussed in Ref. [20] .
• A box : The box diagrams are negligible for large squark masses; for small mq they reach similar values as A 1 and have a similarly mild dependence on all other parameters. The plots allow to easily read off under which conditions dipole dominance holds and under which conditions µ → e can be enhanced relative to µ → eγ. The cases with enhanced Hence in all these cases we get strong deviations from dipole dominance R only dip. (Al). The actual ratio ranges from R(Al) ∼ 10 −5 in the BR scenario (due to an accidental cancellation between A 1 and A 2 which happens around λ d ≈ −4) up to R(Al) ∼ 1 in the WL scenario (where A 1 is a few times larger than A 2 ).
Next we focus on the dependence on mq, which arises only from the box diagrams. For large squark masses they are negligible and we obtain the baseline behaviour discussed before; for smaller squark masses below around 5×m SUSY they become relevant. Of course, their impact is particularly pronounced in cases where the dipole A 2 is small, i.e. for small λ d , Λ d and/or in the BL, BR, WL scenarios. In these cases the box diagrams can increase µ → e by a factor of a few.
Finally we describe the influence of the Z-penguin contributions. They are enhanced by two powers of the gaugino-Higgsino mixing, see Eq. The enhancements governed by v 2 u and λ 2 u , Λ 2 u can be seen in the λ u , Λ u plots in the third column. For small λ u , Λ u , the results are similar to the baseline behaviour discussed above (the slight differences are due to µ u = m SUSY instead of µ u m SUSY ). For larger values of λ u , Λ u the Z-penguin dominates, leading to very strong enhancements as well as to zeroes in µ → e due to cancellations between the different form factors.
The largest overall values of the ratio of branching ratios can reach more than R(Al) > 10 in the scenarios with small dipoles (i.e. for small λ d , Λ d and/or the scenarios BL, BR, WL with heavy µ d ). In scenarios with large dipole, e.g. in the WHL scenario with Λ d = 1, R(Al) can still be 10 times larger than the value R only dip. (Al).
Summary plots based on scans
The previous subsections have analyzed the detailed parameter dependences of all three observables a µ , µ → eγ and µ → e conversion in the MRSSM. In the present subsection we will show several plots based on parameter scans. These plots summarize the generic behaviour and show maximum possible results and the correlations between the observables. Figure 12 shows the maximum possible results for a µ in the MRSSM, as a function of the LOSP mass, i.e. the lightest electrically charged SUSY particle mass. It is based on a scan in parameter space where the ratios between the masses are varied and various upper limits on Λ d , λ d are imposed. As expected from section 4.2 and Fig. 6 the maximum a µ is obtained in scenarios where the WHL-and BHR-like contributions add up constructively and the corresponding masses are all similar. Again the plot shows that very small masses are required to explain the current a µ deviation. For |Λ d | < 4, a 1σ explanation requires m LOSP < 200 GeV, and for |Λ d | < 2, it requires m LOSP < 150 GeV. Figure 13 focuses on the correlation between a µ and µ → eγ. It derives limits on the flavour-violating parameters δ L,R 12 , valid under the condition that the a µ deviation is fully explained by the MRSSM. The logic behind this plot is as follows. For each parameter choice with a certain value of a µ , the prediction for µ → eγ is essentially fixed, since both observables are governed by dipole form factors, see , which enter as in Eq. (4.22). As a result, for each parameter choice which explains the a µ deviation, there is a certain ellipse-shaped region in the δ L 12 -δ R 12 -space allowed by the MEG limit on µ → eγ. Fig. 13 shows the results of a scan over all parameter choices for which the current a µ deviation is explained, and for which the parameter constraints of Sec. 4.1 are met. The values of the δ's in the small green inner contour are allowed by all parameter choices (i.e. µ → eγ is always below the MEG limit). This inner contour arises from the intersection of all ellipses and has itself approximately the shape of an ellipse. On the other hand, the values of the δ's in the large cross-like yellow region are allowed by some parameter choices and forbidden by others; this region corresponds to the union of all ellipses. The cross-like shape arises because for certain parameter choices the ellipses degenerate to large rectangles: For the WHL-like case shown in Fig. 8 , µ → eγ only depends on δ L 12 and hence there is an upper limit on δ L 12 but δ R 12 can be arbitrarily large; similarly BHR-like parameter choices lead to unconstrained δ L 12 . Numerically, values of the δ's below around 10 −5 are always allowed. On the other hand, choices where both δ 12 's are significantly above around 10 −4 are always forbidden. Figure 14 focuses on the correlation of all three observables a µ , µ → eγ and µ → e conversion. It is based on the following expectation. If a µ is large, the dipole form factor . The small, inner green region is allowed by all parameter choices which explain a µ , the cross-shaped large yellow region is allowed by some parameter choices, and the outer red region is not allowed by any parameter choice. must be large, and in dipole-dominated cases µ → eγ and µ → e are strongly correlated, see Eq. (4.27). If a µ is small, the dipole form factor can be small and µ → eγ and µ → e become uncorrelated. Therefore Fig. 14 shows the ratio R(Al) = B µAl→eAl /B µ→eγ as a function of a µ in a parameter scan fulfilling the constraints of Sec. 4.1. The scan is further constrained by δ L 12 = δ R 12 . The result has the expected behaviour. If a µ 30 × 10 −10 , the ratio R(Al) is within the expectation of dipole dominance up to a factor 5, and even up to a factor 2 if all λ i , Λ i are constrained to be below unity. Combining this upper limit on R(Al) with the MEG limit on µ → eγ shows that in this parameter region the µ → e conversion rate is below the reach of COMET Phase 1. In the plot, this can be seen with the help of the thin horizontal line, which corresponds to R(Al) = 0.017, the ratio of the COMET Phase 1 sensitivity and the MEG limit (3.7).
If a µ > 12 × 10 −10 , just within the 2σ region around the observed deviation, the ratio R(Al) can be 10 times larger even for moderate λ i , Λ i . This is interesting in view of the forthcoming COMET Phase 1 measurement of µ → e conversion: a positive signal at COMET Phase 1 is possible while µ → eγ remains below the current MEG limit.
For lower a µ and/or larger values of the λ i and Λ i , R(Al) can be even larger. The parameter choices which maximize R(Al) are choices where Λ u and λ u take values at the 
COMET Phase 1 Figure 14 : The correlation between µ → e conversion and µ → eγ, as a function of a µ ; equivalently, the maximum value for µ → e conversion for a given value of µ → eγ. The possible ranges have been obtained from a parameter scan respecting the constraints of Sec. 4.1. In particular, in the outer red region, the λ's take the maximum values allowed in Sec. 4.1; in the blue inner region the λ's are constrained to be less than unity. The vertical yellow band is defined as in Fig. 5 ; the horizontal light gray band indicates the expectation corresponding to dipole dominance as in Fig. 10 . The thin horizontal line indicates the minimum value of R(Al) for which COMET Phase 1 is sensitive to µ → e conversion, given the current MEG limit on µ → eγ.
border of the allowed region and where all masses except the Higgsino masses are very similar. In such parameter regions the MRSSM prediction for µ → e conversion can be easily in reach of COMET Phase 1 even if µ → eγ is orders of magnitude below the current MEG limit. As mentioned above, Fig. 14 uses the constraint δ L 12 = δ R 12 (the actual value drops out in the ratio R(Al) and is not important). If this constraint is dropped and δ L 12 = 0 or δ R 12 = 0 are allowed, the ratio R(Al) becomes unconstrained. E.g. we could choose a WHLlike mass pattern with large a µ and tune the masses and λ d such that the right-handed dipole amplitude vanishes. If we then set δ L 12 = 0 but δ R 12 = 0, all flavour-violating dipole amplitudes vanish and µ → eγ is impossible, while µ → e conversion is still possible due to the other form factors. Accordingly R(Al) can be arbitrarily large independently of a µ if one of the δ's is allowed to vanish.
Conclusions
The MRSSM provides an attractive alternative realization of SUSY with promising phenomenological properties. In the present paper we have considered the MRSSM predictions for a µ and the lepton-flavour violating observables µ → eγ and µ → e. We presented analytic one-loop results, useful compact approximations and a detailed numerical analysis.
A striking difference to the familiar MSSM case is the absence of tan β enhancements in all dipole amplitudes. The reason is that the tan β enhancement in the MSSM originates from insertions of the MSSM µ-parameter and Majorana gaugino masses. Both are forbidden in the MRSSM by R-symmetry. The absence of tan β enhancements alters the phenomenology significantly.
In spite of this we have found that dipole amplitudes can be enhanced in the MRSSM by MRSSM-specific superpotential parameters Λ d , λ d . The mechanism is similar to the tan β enhancements in the MSSM but its numerical impact is restricted by constraints on the superpotential parameters from electroweak precision observables and perturbativity.
The analysis of a µ has shown that it is very hard to explain the currently observed deviation in the MRSSM. An explanation is possible only in particular corners of the MRSSM parameter space: several SUSY masses, among them at least one smuon, one gaugino and one Higgsino, should be around 200 GeV or below and the values of Λ d and/or λ d should be at least as large as the top Yukawa coupling, preferably larger. Such parameter choices are viable since compressed light spectra are not excluded by LHC data.
The required large values of Λ d , λ d are intriguing. Similar large values of Λ u , λ u have been found helpful in explaining the measured value of the Higgs boson mass [24] ; on the other hand very large values of these parameters are constrained by electroweak precision data and are difficult to reconcile with embedding the MRSSM into an N = 2 SUSY theory.
The decay µ → eγ is strongly correlated to a µ if a µ is large. As a result we could derive limits on the flavour-violating parameters δ L,R 12 valid under the assumption that the MRSSM explains the current a µ deviation. As shown in the traffic-light-like colours of Fig.  13 values for the δ's below around 10 −5 are generally allowed and higher values can be allowed, depending on the choice of parameters. It is however also of interest to discuss µ → eγ in scenarios with small a µ -future a µ measurements could be closer to the SM prediction or non-MRSSM new physics could explain the deviation. In such scenarios larger SUSY masses and small Λ d , λ d are possible and larger δ's are allowed. Combining Figures 8(right) and 9 with the known mass scaling allows to conclude that δ 12 's around 10% become possible for SUSY masses in the few TeV range.
Our reason to consider particularly µ → e conversion as another lepton flavour violating observable was threefold. The forthcoming COMET and Mu2e experiments promise to improve the sensitivity to this process by orders of magnitude; an earlier study in Ref. [20] already revealed that this process can provide limits on the MRSSM, and we expected characteristic differences between the MRSSM and MSSM predictions for this process. In the MSSM, the process is typically dominated by dipole amplitudes and strongly correlated with µ → eγ, see Eq. (4.27).
Indeed we found strong deviations from dipole dominance. There are two main sources for these deviations. If the dipole amplitudes are small, the charge radius form factors become relatively important and can dominate strongly. And even if the dipole amplitudes are large, the Z-penguin contributions can also be large -they are enhanced ∝ Λ 2 i v 2 i (i = u, d). In the fully general case, where mixing in the left-handed and right-handed slepton sectors is independent, there is no correlation between µ → e and µ → eγ. Due to possible cancellations either of these observables could be zero while the other is large.
We have then studied the (non-)correlation for the specific condition δ L 12 = δ R 12 . The result is Fig. 14, which shows the ratio between µ → e and µ → eγ as a function of a µ . It shows that if a µ is as large as the current deviation, the correlation between µ → e and µ → eγ is rather strong, though not as strong as in case of dipole dominance, Eq. (4.27). In this case, the current MEG limit on µ → eγ implies an upper limit on the possible MRSSM prediction to B µAl→eAl of a few times 10 −15 , just touching the reach of COMET Phase I but well in reach of COMET Phase II and the Mu2e experiment.
On the other hand, if a µ is not quite as large, the correlation between µ → e and µ → eγ becomes weaker. For a µ contributions below 20 × 10 −10 , Fig. 14 together with the MEG limit allows B µAl→eAl well in reach of COMET Phase I. Turning the argument around, if COMET Phase I finds a signal for µ → e conversion and if the MRSSM is realized in the scenario of Fig. 14 , the MRSSM cannot explain the current a µ deviation at the 1σ level.
The present paper has focused on a detailed and comprehensive survey, but we have restricted ourselves to three observables, and all our results have been obtained at leading nonvanishing order. We leave the study of further observables such as µ → eee and the inclusion of higher-order corrections such as the ones considered in Refs. [41] [42] [43] for later work.
Lepton-sleptons-neutralinos/charginos
(l 1 , l 2 , l 3 ) = (e, µ, τ ) (u 1 , u 2 , u 3 ) = (u, c, t) Down-quarks-squarks-neutralinos/charginos 
